Single-neutron states in 133 Sn and 209 Pb, which are analogous to single-electron states outside of closed atomic shells in alkali metals, were populated by the ( 9 Be, 8 Be) one-neutron transfer reaction in inverse kinematics using particle-γ coincidence spectroscopy. In addition, the s 1=2 single-neutron hole-state candidate in 131 Sn was populated by ( 9 Be, 10 Be Atomic nuclei are finite many-body quantum systems that possess shell structure with closures at Z or N equal to 2, 8, 20, 28, 50, 82, or and provide input to calculations of properties of neighboring nuclei, many of which are radioactive and experimentally inaccessible. These calculations rely on the inert core [3] to reduce the many-body system to a size that makes the problem tractable. Such calculations for the radioactive 132 Sn region have been shown to be vital in controlling simulations for r-process nucleosynthesis [4] [5] [6] [7] [8] , which is responsible for the origin of nearly half of the elements heavier than Fe (Z ¼ 26).
energy and small electric quadrupole transition strength (similar to 208 Pb [21] ). Coulomb excitation studies of neighboring even-even nuclei have also supported an inert 132 Sn core [20, [22] [23] [24] . Recently, single-neutron states above the N ¼ 82 shell closure in 133 Sn were reported in a (d, p) study by Jones et al. [25] using a 132 Sn RIB at the Holifield Radioactive Ion Beam Facility (HRIBF). In particular, candidates for the single-neutron 2f 7=2 , 3p 3=2 , 3p 1=2 , and 2f 5=2 states were measured with cross sections that are consistent with shell-model expectations; similar states were observed in 131 Sn [26] . Prior to the (d, p) study of 133 Sn [25] , candidates for the single-neutron 2f 7=2 , 3p 3=2 , 1h 9=2 , and 2f 5=2 states were reported in a decay study of fission fragments by Hoff et al. [27] ; hole-state candidates in 131 Sn were reported in a decay study by Fogelberg et al. [28, 29] .
In this Letter, new information on single-neutron states in 133 Sn and 209 Pb (cf. Fig. 1 ), populated by the ( 9 Be, 8 Be) one-neutron transfer reaction in inverse kinematics (A beam > A target ), is reported. Extensive spectroscopic information was obtained by using particle-γ coincidence spectroscopy. Evidence is provided for a complete set of single-neutron candidates in 133 Sn, 2f 7=2 , 3p 3=2 , 3p 1=2 , 1h 9=2 , 2f 5=2 , and 1i 13=2 . However, the evidence for the 1i 13=2 candidate is inconclusive due to inconsistencies between the spectroscopic results and expectations for an unbound l ¼ 6 neutron. In addition, the 3s 1=2 reaction. Scattered targetlike nuclei were measured at forward laboratory angles relative to the beam direction, corresponding to backward angles in the center-of-mass frame, to provide a clean trigger for selecting the γ-ray transitions emitted from the beamlike reaction products. The effectiveness of this technique was recently demonstrated [30] [31] [32] Recoiling target nuclei were detected in the "bare" HyBall (BareBall) CsI(Tl) array [36] , using the first four rings at laboratory angles 7°-14°, 14°-28°, 28°-44°, and 44°-60°relative to the beam direction. Coincident γ rays were detected in the CLARION array of 11 Compton suppressed, segmented HPGe Clover detectors [37] , which was configured with five detectors at 90°, four at 132°, and two at 154°. The Clover detectors were at a distance of 21.75 cm from the target with a total efficiency of 3.00(5)% at 1 MeV. The experimental trigger (≥ 99% live time) required either a scaled-down particle event or a particle-γ coincidence event.
The particle-gated γ-ray spectra are shown in Fig. 2 for (a) 209 Pb from ( 9 Be, 8 Be → 2αγ) with a Doppler correction for the 969-keV transition, (b) 131 Sn from ( 9 Be, 10 Beγ) with a Doppler correction for the 332-keV transition, and (c) 133 Sn from ( 9 Be, 8 Be → 2αγ) with a Doppler correction for the 854-keV transition. The recoiling velocity, β ¼ v=c, and Doppler-corrected energy were determined individually for each transition [32] . The 513-and 2792-keV γ-ray transitions from 133 Sn were previously unobserved. The 513-keV transition in 133 Sn was found to be in coincidence with the previously known 854-keV transition using the ( 9 Be, 8 Be → 2αγγ) coincidence data (cf. Fig. 3 ). The 513-keV γ ray originates from a state at 1366.8(4) keV, which corresponds to the p 1=2 candidate state recently reported at 1363(31) keV in the (d, p) study of 133 Sn [25] . The experimental cross sections were determined from a γ-ray intensity balance, i.e., the difference between the total intensity out of a state and the total intensity feeding that state, which included a kinematic correction to the solid angle. The absolute normalization was obtained from the FIG. 2. Gamma-ray spectra of (a) 209 Pb from (
131 Sn from ( 9 Be, 10 Beγ), and (c) 133 Sn from ( 9 Be, 8 Be → 2αγ).
measured elastic scattering yield. The reactions involving 132 Sn and 208 Pb were below the Coulomb barrier, so the absolute cross-section normalizations were particularly reliable because the transfer-to-elastic ratio could be determined within the same particle detector segment.
The theoretical cross sections were calculated with the distorted wave Born approximation (DWBA) code PTOLEMY [38] using parameter values from previous reaction studies involving 9 Be [39] [40] [41] [42] [43] . The sensitivity of the calculations was explored by varying each parameter over a range of possible values estimated from the previous studies. The bound-state parameter values were r ¼ 1.20 AE 0.05 fm and a ¼ 0.65 AE 0.10 fm for both the real and spinorbit terms, and the spin-orbit potential was V so ¼ 6AE 6 MeV. The parameter values for the incoming and outgoing optical potentials were treated identically with momentum matching (i.e., more prone to any multistep processes); another experiment using a higher beam energy would differentiate between these possibilities. In 131 Sn, only the 332-keV transition from the 3s 1=2 neutron-hole candidate was observed in the ( 9 Be, 10 Be) reaction, which is consistent with the expectation that it should be the only excited state strongly populated. However, the calculated cross section was extremely sensitive to the bound-state parameters, which resulted in a large uncertainty on the spectroscopic factor. Because these reactions are peripheral and predominately probe the tails of the wave function, ANCs are also reported (model independent), which are insensitive to the bound-state parameters [52] and should be more reliable than the spectroscopic factors (see Refs. [53] [54] [55] [56] Table I , were measured by the Doppler shift attenuation method (DSAM) [60] , which firmly identified the decays as spin-flip M1 transitions because transitions among other valence orbits or transitions of higher multipolarities must proceed much more slowly. 
M1 transition strengths from the lifetimes reported in Table I are listed in Table II . Unless noted otherwise (i.e., for 207 Pb), these transition rates were evaluated assuming pure M1 transitions, i.e., the E2=M1 mixing ratio δ ¼ 0. If δ ≠ 0, the M1 transition rate is reduced by the factor 1=ð1 þ δ 2 Þ. This reduction factor has a small effect because δ must be small for these strong spin-flip transitions in which the M1 operator simply reverses the spin coupling of a valence nucleon. A comparison of data with theory shows excellent agreement, which suggests relatively pure singleparticle wave functions and a robust 132 Sn double-magic core. These M1 transition strengths test the shell model independent of the DWBA bound-state and optical-model parameters.
For a given M1 operator [63] , bare or effective,
The new lifetime data allow a parameter-free comparison of the transitions between 3p 1=2 and 3p 3=2 as holes in 207 Pb, i.e., 3p
1=2 , and particles in 133 Sn, i.e., 3p 1=2 → 3p 3=2 . According to Eq. (1), the BðM1Þ ratio should be 0.5; experimentally, it is 0.53 (16) . The agreement is excellent, perhaps better than expected because there should be some differences in the effective M1 operator between the 208 Pb and 132 Sn regions. The 2792-keV γ ray [ Fig. 2(c) ] is a natural ν1i 13=2 candidate for 133 Sn; the energy is consistent with expectations from systematics (cf. Fig. 8 in Ref. [31] ) and with the 2694(200)-keV prediction by Urban et al. [64] . However, the γ-ray Doppler shift suggests a relatively long lifetime of τ > 1 ps, which is consistent with expectations for an E3 decay but contradicts expectations for an unbound l ¼ 6 neutron (τ ∼ 0.1 ps) that is nearly 400 keV above the neutron separation energy of 2396(4) keV [10] [11] [12] . The neutron-decay width should be much larger than the γ-decay width, but a relatively large cross section was determined from the γ-ray intensity. 132 Sn is determined to be a robust doublemagic nucleus from both excited-state lifetime and crosssection measurements. The shell model can be applied with relative confidence to calculations of both ground-and excited-state properties of nuclei in the 132 Sn region, many of which are beyond current experimental access.
